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TECHNIQUES FOR DYNAMIC RESOURCE
PARTITIONING

BACKGROUND

1. Technical Field

This application generally relates to resource allocation,
and more particularly to techniques used for partitioning
resources of a system among multiple consumers or tenants.

2. Description of Related Art

Computer systems may include different resources used by
one or more host processors. Resources and host processors
in a computer system may be interconnected by one or more
communication connections. These resources may include,
for example, data storage devices such as those included in
the data storage systems manufactured by EMC Corporation.
These data storage systems may be coupled to one or more
host processors and provide storage services to each host
processor. Multiple data storage systems from one or more
different vendors may be connected and may provide com-
mon data storage for one or more host processors in a com-
puter system.

A host may perform a variety of data processing tasks and
operations using the data storage system. For example, a host
may perform basic system [/O operations in connection with
data requests, such as data read and write operations.

Host systems may store and retrieve data using a data
storage system containing a plurality of host interface units,
disk drives, and disk interface units. Such data storage sys-
tems are provided, for example, by EMC Corporation of
Hopkinton, Mass. The host systems access the storage device
through a plurality of channels provided therewith. Host sys-
tems provide data and access control information through the
channels to the storage device and storage device provides
data to the host systems also through the channels. The host
systems do not address the disk drives of the storage device
directly, but rather, access what appears to the host systems as
aplurality of logical units, logical devices or logical volumes.
The logical units may or may not correspond to the actual
physical disk drives. Allowing multiple host systems to
access the single storage device unit allows the host systems
to share data stored therein.

An application may execute on a host where the application
performs 1/O (input/output) operations. The host may be able
to transmit the data operation to the data storage system over
any one or more different paths or multiple paths. Different
techniques may be used in connection with partitioning the
resources of the data storage system, or more generally, any
system, used by multiple applications, or more generally
consumers of the resources or tenants of the system. Storage
groups of logical devices may be defined where each such
storage group may be used by one or more applications. In
some systems, fixed static limits may be imposed and
enforced per storage group of logical devices. For example, a
static limit of a particular amount of cache or other resource of
the data storage system may be specified for each storage
group so that data operations directed to the storage group are
subject to the static limit specifying a maximum amount of
the resource that may be used with respect to data operations
directed to the storage group.

SUMMARY OF THE INVENTION

In accordance with one aspect of the invention is a method
of partitioning resources comprising: specifying a plurality of
resource limit ranges for a plurality of tenants of a system,
each of'said plurality of resource limit ranges having a lower
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bound and an upper bound; and determining a plurality of
current resource limits, each of said plurality of current
resource limits indicating a current resource limit for one of
said plurality of tenants, wherein said each current resource
limit for said one tenant is a value included in one of the
plurality of resource limit ranges specified for said one tenant,
and wherein said plurality of current resource limits are
dynamically determined in accordance with a current state of
the system. The current resource limit for the one tenant may
indicate a current maximum amount of resource consumption
allowable for the one tenant in a data storage system. The one
resource limit range for the one tenant may have a lower
bound identifying a minimum allowable value for said each
current resource limit for the one tenant. The one resource
limit range for the one tenant may have an upper bound
identifying a maximum allowable value for said each current
resource limit for the one tenant. The system may be a data
storage system and the current state of the data storage system
may be one of a compliance state and a non-compliance state.
When the data storage system is in the compliance state, the
data storage system may be determined to have no resource
contention or that no resource contention is likely, and the
data storage system may otherwise be in the non-compliance
state if not in the compliance state. The data storage system
may transition between the compliance state and the non-
compliance state in accordance with state transition criteria.
The method may also include determining at a point in time
whether the data storage system has resource contention or is
likely to have resource contention, wherein the state transi-
tion criteria may include an indicator having a first setting at
the point in time if'it is determined at the point in time that the
data storage system has no resource contention or that no
resource contention is likely, and otherwise the indicator may
have a second setting. The state transition criteria may include
the indicator and may specify that if the data storage system is
in the compliance state at the point in time and the indicator
has the second setting at the point in time, the data storage
system may transition from the compliance state to the non-
compliance state. The state transition criteria may specify that
ifthe data storage system is in the non-compliance state at the
point in time, the data storage system may remain in the
non-compliance state until the indicator has a value of the first
setting for more than a threshold number of consecutive
points in time, whereby the data storage system may transi-
tion from the non-compliance state to the compliance state
after the indicator has a value of the first setting more than the
threshold number of consecutive points in time. When in the
non-compliance state, first processing may be performed
where the first processing may include processing to reduce
one or more of the plurality of current resource limits in
accordance with one or more limit reduction criteria. A first of
the plurality of tenants may have a first of the plurality of
current resource limits that is a first value included in a first of
the plurality of resource limit ranges associated with the first
tenant, and the first processing performed with respect to said
first tenant may further comprise determining whether the
first current resource limit is less than a first lower bound of
the first resource limit range; and reducing the first current
resource limit to a first reduced limit if the first current
resource limit is less than the first lower bound, wherein said
first lower bound is included in the limit reduction criteria.
The first reduced limit may be determined in accordance with
the limit reduction criteria including the first lower bound, a
difference between the first lower bound and the first current
resource limit, and a reduction factor. When in the compli-
ance state, first processing may be performed. The first pro-
cessing may include processing to increase one or more of
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said plurality of current resource limits in accordance with
one or more limit growth criteria. A first of the plurality of
tenants may have a first of the plurality of current resource
limits that is a first value included in a first of the plurality of
resource limit ranges associated with the first tenant, and the
first processing performed with respect to the first tenant may
increase the first current resource limit for the first tenant if
the first current resource limit does not exceed a first upper
bound of the first resource limit range. The limit growth
criteria may include the first upper bound. The first process-
ing may include determining a revised first current resource
limit for the first tenant in accordance with the limit growth
criteria including the first upper bound, a first lower bound of
the first resource limit range, an actual resource usage or
actual resource usage rate denoting current resource usage by
the first tenant, and a growth factor. The plurality of tenants
may be applications executing on one or more hosts that issue
data operations to the data storage system. The indicator may
have a value of the first setting or the second setting deter-
mined in accordance with one or more contention indicator
criteria including any of a utilization threshold denoting a
level of utilization of one or more front end components of the
data storage system at which data operation requests are
received from said applications, a threshold length of one or
more queues of outstanding data operations received at the
data storage system and a threshold amount of times that the
threshold length is exceeded, and a threshold response time.
The system may be a data storage system and the plurality of
tenants may be applications executing on one or more hosts
that issue data operations to the data storage system. Each of
the plurality of resource limit ranges may specify a lower
bound that is a minimum /O rate and an upper bound that is
a maximum [/O rate. Each of the plurality of current resource
limits may indicate a current resource limit for one of the
plurality of resource limit ranges and may specify a current
1/0 rate limit for one of the applications associated with said
each current resource limit and said one resource limit range.
The plurality of current resource limits may be determined in
accordance with first processing when an option has a first
value. The plurality of current resource limits may be deter-
mined in accordance with second processing when the option
has a second value different from the first value. The first
processing may dynamically determine the plurality of cur-
rent resource limits in accordance with the current state of the
data storage system. The second processing may determine
each of the plurality of current resource limits as a single
static value that does not vary dynamically in accordance with
the current state of the data storage system.

In accordance with another aspect of the invention is a
computer readable medium comprising code stored thereon
for partitioning resources, the computer readable medium
comprising code for: specifying a plurality of resource limit
ranges for a plurality of tenants of a system, each of said
plurality of resource limit ranges having a lower bound and an
upper bound; and determining a plurality of current resource
limits, each of said plurality of current resource limits indi-
cating a current resource limit for one of said plurality of
tenants, wherein said each current resource limit for said one
tenant is a value included in one of the plurality of resource
limit ranges specified for said one tenant, and wherein said
plurality of current resource limits are dynamically deter-
mined in accordance with a current state of the system.

BRIEF DESCRIPTION OF THE DRAWINGS

Features and advantages of the present invention will
become more apparent from the following detailed descrip-
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4

tion of exemplary embodiments thereof taken in conjunction
with the accompanying drawings in which:

FIG. 1 is an example of an embodiment of a computer
system that may utilize the techniques described herein;

FIG. 2A is an example of an embodiment of a data storage
system,

FIG. 2B is a representation of the logical internal commu-
nications between the directors and memory included in one
embodiment of data storage system of FIG. 2A;

FIG. 3 is an example of a system that may be used in
connection with techniques herein;

FIG. 4 is an example of different software layers that may
be included in a host and data storage system in an embodi-
ment in accordance with techniques herein;

FIG. 5 is a state transition diagram illustrating the states
and transitions between the states in connection with a data
storage system in an embodiment in accordance with tech-
niques herein; and

FIGS. 6-9 are examples of logical processing steps that
may be performed in an embodiment in accordance with
techniques herein.

DETAILED DESCRIPTION OF
EMBODIMENT(S)

Referring to FIG. 1, shown is an example of an embodi-
ment of a system that may be used in performing the tech-
niques described herein. The system 10 includes a data stor-
age system 12, such as a data storage array, connected to host
systems 14a-147 through communication medium 18. In this
embodiment of the system 10, the N hosts 14a-14n may
access the data storage system 12, for example, in performing
input/output (I/O) operations or data requests. The commu-
nication medium 18 may be any one or more of a variety of
networks or other type of communication connections as
known to those skilled in the art. The communication medium
18 may be a network connection, bus, and/or other type of
data link, such as a hardwire or other connections known in
the art. For example, the communication medium 18 may be
an intranet, network or other wireless or other hardwired
connection(s) by which the host systems 14a-14» may access
and communicate with the data storage system 12, and may
also communicate with others included in the system 10.

Each of the host systems 14a-14» and the data storage
system 12 included in the system 10 may be connected to the
communication medium 18 by any one of a variety of con-
nections as may be provided and supported in accordance
with the type of communication medium 18. The processors
included in the host computer systems 14a-14» may be any
one of a variety of proprietary or commercially available
single or multi-processor system, such as an Intel-based pro-
cessor, or other type of commercially available processor able
to support traffic in accordance with each particular embodi-
ment and application.

It should be noted that the particulars of the hardware and
software included in each of the components that may be
included in the data storage system 12 are described herein in
more detail, and may vary with each particular embodiment.
Each of the host computers 14a-147 and data storage system
may all be located at the same physical site, or, alternatively,
may also be located in different physical locations. Examples
of the communication medium that may be used to provide
the different types of connections between the host computer
systems and the data storage system of the system 10 may use
a variety of different communication protocols such as TCP/
1P, SCSI (Small Computer Systems Interface), Fibre Chan-
nel, iSCSI, Fibre Channel over Ethernet, and the like. Some or
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all of the connections by which the hosts and data storage
system 12 may be connected to the communication medium
18 may pass through other communication devices, switching
equipment that may exist such as a phone line, a repeater, a
multiplexer or even a satellite.

Each of the host computer systems may perform different
types of data operations in accordance with different types of
administrative tasks. In the embodiment of FIG. 1, any one of
the host computers 14a-14» may issue a data request to the
data storage system 12 to perform a data operation. For
example, an application executing on one of the host comput-
ers 14a-14n may perform a read or write operation resulting
in one or more data requests to the data storage system 12. It
should be noted that the data storage system 12 of FIG. 1 may
physically be a single data storage system, such as a single
data storage array as EMC’s Symmetrix® VMAX® data
storage system, as well one or more other data storage sys-
tems as may vary with the embodiment.

Referring to FIG. 2A, shown is an example of an embodi-
ment of the data storage system 12 that may be included in the
system 10 of FIG. 1. Included in the data storage system 12 of
FIG. 2A are one or more data storage systems 20a-20% as may
be manufactured by one or more different vendors. Each of
the data storage systems 20a-207 may be inter-connected (not
shown). Additionally, the data storage systems may also be
connected to the host systems through any one or more com-
munication connections 31 that may vary with each particular
embodiment and device in accordance with the different pro-
tocols used in a particular embodiment. The type of commu-
nication connection used may vary with certain system
parameters and requirements, such as those related to band-
width and throughput required in accordance with a rate of
1/0 requests as may be issued by the host computer systems,
for example, to the data storage system 12. In this example as
described in more detail in following paragraphs, reference is
made to the more detailed view of element 20a. It should be
noted that a similar more detailed description may also apply
to any one or more of the other elements, such as 207, buthave
been omitted for simplicity of explanation. It should also be
noted that an embodiment may include data storage systems
from one or more vendors. Each of 20a-207 may be resources
included in an embodiment of the system 10 of FIG. 1 to
provide storage services to, for example, host computer sys-
tems. It should be noted that the data storage system 12 may
operate stand-alone, or may also be included as part of a
storage area network (SAN) that includes, for example, other
components.

Each of the data storage systems, such as 20a, may include
a plurality of disk devices or volumes, such as the arrange-
ment 24 consisting of n rows of disks or more generally, data
storage devices, 24a-24n. In this arrangement, each row of
disks may be connected to a disk adapter (“DA”) or director
responsible for the backend management of operations to and
from a portion of the disks 24. In the system 20a, a single DA,
such as 23a, may be responsible for the management of a row
of disks, such as row 24a. In a data storage system such as by
EMC Corporation, a backend DA may also be referred to as a
disk controller. The DA may performed operations such as
reading data from, and writing data to, the physical devices
which are serviced by the DA.

Also shown in the storage system 20qa is an RA or remote
adapter 40. The RA may be hardware including a processor
used to facilitate communication between data storage sys-
tems, such as between two of the same or different types of
data storage systems.

The system 20a may also include one or more host adapters
(“HAs”) or directors 21a-21n. Each of these HAs may be
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used to manage communications and data operations between
one or more host systems and the global memory. In an
embodiment, the HA may be a Fibre Channel Adapter (FA) or
other adapter which facilitates host communication. Gener-
ally, directors may also be characterized as the different
adapters, such as HAs (including FAs), DAs RAs and the like,
as described herein. Components of the data storage system,
such as an HA, which may communicate with a host and
receive host data requests such as I/O operations may also be
referred to as front end components. A component of the data
storage system which communicates with a front end com-
ponent may be characterized as a backend component, such
as a DA. In connection with data storage systems such as by
EMC Corporation, various types of directors or adapters may
be implemented as a processor, or, more generally, a compo-
nent that includes the processor. Examples of directors are
DAs, HAs, RAs, and the like, such as described herein.

One or more internal logical communication paths may
exist between the DAs, the RAs, the HAs, and the memory 26.
An embodiment, for example, may use one or more internal
busses and/or communication modules. For example, the glo-
bal memory portion 2556 may be used to facilitate data trans-
fers and other communications between the DAs, HAs and
RAs in a data storage system. In one embodiment, the DAs
23a-23n may perform data operations using a cache that may
be included in the global memory 255, for example, in com-
munications with other disk adapters or directors, and other
components of the system 20a. The other portion 25a is that
portion of memory that may be used in connection with other
designations that may vary in accordance with each embodi-
ment.

The particular data storage system as described in this
embodiment, or a particular device thereof, such as a disk,
should not be construed as a limitation. Other types of com-
mercially available data storage systems, as well as proces-
sors and hardware controlling access to these particular
devices, may also be included in an embodiment.

Host systems provide data and access control information
through channels to the storage systems, and the storage
systems may also provide data to the host systems also
through the channels. The host systems do not address the
disk drives of the storage systems directly, but rather access to
data may be provided to one or more host systems from what
the host systems view as a plurality of logical devices or
logical units. A logical unit (LUN) may be characterized as a
disk array or data storage system reference to an amount of
disk space thathas been formatted and allocated foruseto one
or more hosts. A logical unit may have a logical unit number
that is an I/O address for the logical unit. As used herein, a
LUN or LUNs may refer to the different logical units of
storage which may be referenced by such logical unit num-
bers. The LUNs may or may not correspond to the actual or
physical disk drives. For example, one or more LUNs may
reside on a single physical disk drive. Data in a single storage
system may be accessed by multiple hosts allowing the hosts
to share the data residing therein. The HAs may be used in
connection with communications between a data storage sys-
tem and a host system. The RAs may be used in facilitating
communications between two data storage systems. The DAs
may be used in connection with facilitating communications
to the associated disk drive(s) and LUN(s) residing thereon.

The DA performs /O operations on a disk drive. Data
residing on a disk drive may be accessed by the DA following
a data request in connection with /O operations that other
directors originate.

Referring to FIG. 2B, shown is a representation of the
logical internal communications between the directors and
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memory included in a data storage system. Included in FIG.
2B is a plurality of directors 37a-37# coupled to the memory
26. Each of the directors 37a-37n represents one of the HAs,
RAs, or DAs that may be included in a data storage system.
Each of the directors may be, for example, a processor or a
printed circuit board that includes a processor and other hard-
ware components. In an embodiment disclosed herein, there
may be up to sixteen directors coupled to the memory 26.
Other embodiments may use a higher or lower maximum
number of directors that may vary. For example, an embodi-
ment in accordance with techniques herein may support up to
128 directors per data storage system, such as a data storage
array. The representation of FIG. 2B also includes an optional
communication module (CM) 38 that provides an alternative
communication path between the directors 37a-37n. Each of
the directors 37a-37r may be coupled to the CM 38 so that
any one of the directors 37a-37r may send a message and/or
datato any other one of the directors 37a-37n without needing
to go through the memory 26. The CM 38 may be imple-
mented using conventional MUX/router technology where a
sending one of the directors 37a-37# provides an appropriate
address to cause a message and/or data to be received by an
intended receiving one of the directors 37a-37x. In addition,
a sending one of the directors 37a-37» may be able to broad-
casta message to all of the other directors 37a-37n at the same
time.

A host may be able to access data, such as stored on a LUN
of a data storage system, using one or more different paths
from the host to the data storage system. A data storage
system device, such as a LUN, may be accessible over mul-
tiple paths between the host and data storage system as
described in more detail below. Thus, a host may select one of
possibly multiple paths over which to access data of a storage
device.

It should be noted that the particular exemplary architec-
ture of a data storage system such as, for example, in FIGS.
2A and 2B is merely illustrative of one such architecture that
may be used in connection with techniques herein. Those
skilled in the art will appreciate that techniques herein may be
used with any suitable data storage system.

Referring to FIG. 3, shown is an example of an embodi-
ment of a system that may be utilized in connection with
techniques herein. The example 100 includes a host 102,
switch 140 and data storage system 120. The host 102 and
data storage system 120 may communicate over one or more
paths through the switch 140. Elements 110a-110c¢ denote
connections between the host 102 and switch 140. Element
112a-112¢ denote connections between the data storage sys-
tem 120 and the switch 140. Element 130 may represent a
physical device of the data storage system 120 where the
physical device 130 may be configured to include 3 LUNs—
LUNS, LUNG6 and LUN10. It should be noted that the
example 100 includes only a single host, single physical
device 130 with 3 LUN:S, a single data storage system, and a
fabric including a single switch for purposes of simplicity to
illustrate the techniques herein. For example, the LUNs may
be configured to have storage provisioned from multiple dif-
ferent physical devices rather than a single physical device,
and multiple hosts having multiple applications executing
thereon may communicate with the data storage system.

Thehost 102 may include one or more applications 104 and
other components 108 whereby element 108 may include, for
example, one or more other device drivers and other code. An
1/0 operation from the application 104 may be communicated
to the data storage system 120 using one or more other com-
ponents represented by element 108. The application 104
may be a database or other application which issues data
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operations, such as /O operations, to the data storage system
120. Each of the [/O operations may be directed to a target
device, such as one of the LUNs of device 130, configured to
be accessible to the host 102 over one or more physical paths.
As such, each of the I/O operations may be forwarded from
the application 104 to the data storage system 120 over one of
the possible multiple paths.

The host 102 may also include other components 108 such
as one or more other layers of software used in connection
with communicating the 1/O operation from the host to the
data storage system 120. For example, element 108 may
include Fibre Channel or SCSI drivers, a logical volume
manager (LVM), and the like. It should be noted that element
108 may include software or other components used when
sending an [/O operation from the application 104.

The data storage system 120 may include one or more
physical data storage devices, such as device 130, where each
such physical device may be configured to store data of one or
more [LUNs as described above. Each of the LUNs having
data stored on the device 130 may be configured to be acces-
sible to the host through one or more paths. For example, all
LUNs of 130 may be accessible using ports of the three front
end directors or interfaces 122a-122¢, also denoted respec-
tively HA1, HA2 and HA3. The multiple paths allow the
application I/Os to be routed over multiple paths and, more
generally, allow the LUNs of device 130 to be accessed over
multiple paths. In the event that there is a component failure
in one of the multiple paths, application 1/Os can be easily
routed over other alternate paths unaffected by the component
failure.

In the example 100, each of the LUNs of the device 130
may be configured as accessible through three paths. Each
path may be represented by two path endpoints—a first end-
point on the host 102 and a second endpoint on the data
storage system 120. The first endpoint may correspond to a
port of a host component, such as a host bus adapter (HBA) of
the host 102, and the second endpoint may correspond to a
port of a data storage system component, such as a port of an
HA of the data storage system 120. In the example 100,
elements A1, A2 and A3 each denote a port of a host 102 (e.g.
such as a port of an HBA), and elements B1, B2 and B3 each
denote a port of an HA of the data storage system 120. Each
of the LUNs of the device 130 may be accessible over three
paths—a first path represented by A1-B1, a second path rep-
resented by A2-B2 and a third path represented by A3-B3.

Referring to FIG. 4, shown is a representation of a number
of'mapping layers that may be included in a computer system,
such as host 102 of FIG. 3, in combination with a data storage
system. FIG. 4 provides further detail regarding various soft-
ware layers that may be used in connection with performing
a data operation request issued by a host to a data storage
system such as illustrated in FIG. 3. The various software
layers of 150 may generally form layers included in the runt-
ime I/O stack, such as when an I/O request is issued by an
application on a host to a data storage system. The system
includes an application layer 121 which includes application
programs executing on the host computer 102. The applica-
tion layer 121 may refer to storage locations using an associ-
ated label or identifier such as a file name or file identifier.
Below the application layer 121 is the file system layer 123
and the LVM layer 125a that maps the label or identifier
specified by the application layer 121 to a LUN which the host
may perceive as corresponding to a physical device address
(e.g., the address of one of the disk drives) within the storage
system 12. Below the LVM layer 1254 may be one or more
drivers 106 which handle processing of the I/O received from
layer 125a. The one or more drivers represented by 106 may
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include, for example, a SCSI driver (e.g., performs processing
for sending requests and receiving responses in accordance
with the SCSI standard), a hardware driver (e.g., a driver for
an HBA of the host which sends commands or requests to the
data storage system and also receives responses and other
communications from the data storage system), and the like.
Generally, one or more layers between the application layer
121 and the one or more drivers 106 may provide for mapping
a LUN (such as used in connection with block-based storage)
presented by the data storage system to the host to another
logical data storage entity, such as a file, that may be used by
the application layer 123.

In some embodiments, the data storage system 120 may be
an intelligent data storage system having its own mapping
layer 127 such that the LUN known or exposed to the host
may not directly correspond to a physical device such as a
disk drive. In such embodiments, the LUN provided by the
host in connection with the I/O operation may be further
mapped by the data storage system using its mapping layer
127. For example, a LUN provided by the host may be
mapped by the data storage system to one or more physical
drives, multiple LUNs may be located on a same physical
device, multiple physical drives, and the like. In other
embodiments, the data storage system may not include such a
mapping layer 127.

In operation, an application executing at application layer
121 may issue one or more I/O operations (e.g., read and write
operations) to logical volumes (implemented by the LVM
125a) or files (implemented using the file system 123)
whereby such /O operation may be then mapped to data
operations directed to LUNSs of the data storage system. Such
1/0 operations from the application layer 121 may be directed
to the drivers 106 after passing through any intervening layers
such as layers 123 and 125a.

In connection with an embodiment in accordance with
techniques herein, communications between an initiator port
of the host and a target port of a data storage system (e.g.,
target port of an HA) may include those related to /O opera-
tions and other non-I/O commands such as related to host
control operations. /O operations may include, for example,
read and write operations.

In connection with the SCSI standard, a path may be
defined between two ports as described above. A command
may be sent from the host (as well as a component thereof
such as a host bus adapter) and may be characterized as an
initiator, originator or source with respect to the foregoing
path. The host, as the initiator, sends requests to a data storage
system (as well as a particular component thereof such as
another HA having a port with a network address) character-
ized as a target, destination, receiver, or responder. Each
physical connection of a path may be between a first endpoint
which is a port of the host (e.g., such as of a host bus adapter
having ports such as denoted as A1-A3 of FIG. 3) and a
second endpoint which is a portof an HA (e.g., such as B1-B3
of FIG. 3) in the data storage system. Over each such path, one
or more LUNs may be visible or exposed to the host initiator
through the target port of the data storage system.

In connection with a data storage system such as described
herein, there may be many applications having their data
stored on LUNs of the data storage system. On the data
storage system, one or more logical entities referred to as
storage groups (SGs) may be defined. Each storage group
may be logical grouping of one or more LUNSs. In usage, a
storage group (SG) may be defined to include a set of one or
more LUNs used by one or more particular applications. In
this manner, I/Os directed to particular LUNs may be deter-
mined by the data storage system as I/O workload sent from
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one or more particular applications. For example, a first SG
may include LUNs 1-3 and may be used to store data for
application 1. A second SG may include LUNs 4-8 and may
beused to store data for application 2. I/Os received at the data
storage system directed to any of LUNs 1-3 may be deter-
mined as sent from application 1 and I/Os received at the data
storage system directed to any of LUNs 4-8 may be deter-
mined as sent from application 2.

Described in following paragraphs are techniques may be
used to partition resources of the data storage system for use
by the multiple applications having their data stored on
devices of the data storage system whereby such multiple
applications send I/O operations and other requests to the data
storage system. In accordance with such techniques, a current
limit may be determined regarding resource usage for each
SG or application having its data stored on one or more LUNs
of'an SG. The limit may generally specify a limit in terms of
one or more workload metrics. For example, in following
paragraphs, resource limits may be specified in terms of a
number of I/Os per unit of time or 1/O rate such as I/Os per
second (IOPS). The I/0Os measured and expressed in terms of
the limits may be characterized as data storage front-end
workload measurements in terms of the number of I/Os and
associated 1/O rate at which I/Os are received by the one or
more HAs (e.g. front end components) of the data storage
system from the host. As will be described in following para-
graphs, techniques herein may be used to guarantee a speci-
fied minimum level of resources, and thus, performance, for
each application, and also provide for optimal use of
resources of the data storage system. It should be noted that
the particular metric or workload measurement of IOPS is an
example of one metric that may be used in connection with
techniques herein. Other embodiments may use a different
metric providing a measurement of workload or resource
usage, such as front end component resource usage, by a
tenant.

For each SG, also referred to herein as an application or
more generally, a tenant T or consumer of resources of the
data storage system, values for G_IOPS and M_IOPS may be
specified. With respect to a tenant T, G_IOPS(T) may specitfy
a minimum or guaranteed number of IOPS for tenant T and
M_IOPS may specity a maximum or upper bound regarding
anumber of IOPS for tenant T. In this manner, an embodiment
may specitfy values for the foregoing two parameters,
G_IOPS(T) and M_IOPS(T) for each tenant T. Techniques
herein may be used to determine a current limit for tenant T,
CL_IOPS(T), specifying a limit ofhow many IOPS the tenant
T is allowed to perform at the current time. At any time, for a
tenant T, having a guaranteed number of IOPS, G_IOPS(T),
and a maximum number of IOPS M_IOPS(T), the following
holds true:

G_IOPS(T)=CL_IOPS(D)<M_IOPS(T) EQUATION 1

For each tenant T, values for G_IOPS(T) and M_IOPS(T)
may be specified and at any point in time, techniques herein
may be used to determine a value for CL._IOPS(T) which may
vary in accordance with one or more criteria as described
herein such as in accordance with the state and usage of
resources of the data storage system. In this manner, tech-
niques herein may provide for dynamically determining and
varying a current limit CL,_IOPS(T) for each tenant over time.
In one embodiment as will be described in more detail below,
the current limits CL,_IOPS(T) for each tenant T may vary
with whether or not the data storage system is in a state of
resource contention whereby if the data storage system is not
in the state of resource contention, then CL,_IOPS(T) for each
tenant may be allowed to increase up to the particular upper
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bound M_IOPS(T) specified for each such tenant. In contrast,
when the data storage system is in the state of resource con-
tention, then CL,_IOPS(T) for each tenant may be reduced
subject to the particular lower bound G_IOPS(T) specified for
each such tenant.

In this manner for a tenant T, G_IOPS(T) may be a guar-
anteed level of resource usage that is a lower bound of the
resource limit range for the tenant. When application executes
the application as the tenant T will be guaranteed at least this
minimum level G_IOPS(T) level of resources. Additionally,
if available, an amount of resources up to an upper bound
M_IOPS(T) may be specified as the current limit. In this
manner, a current limit (CL_IOPS(T)) may be defined which
is a value in the inclusive range having a lower bound of
G_IOPS(T) and an upper bound of M_IOPS(T). Thus, the
application may be guaranteed at least the minimum amount
of resources G_IOPS(T) and may be allowed, when possible
to utilize up to an amount of resources specified by M_IOPS
(T). With multiple applications or tenants, an embodiment
may guarantee that all tenants may be able to utilize at least
their respective G_IOPS(T) level of resources at any time. In
such an embodiment, the various G_IOPS(T) collectively
associated with the different tenants may be in accordance
with the following:

N EQUATION 1A
> G_IOPS(i) < MAX_IOPS_DS
i=1

Where N may be the number of applications, SGs or tenants
in the system using techniques herein having a G_IOPS speci-
fied; and

MAX_IOPS_DS represents the approximate overall maxi-

mum number of IOPS or I/O rate capability of the data storage
system.
Based on EQUATION 1A, an embodiment may specify val-
ues for G_IOPS for all tenants so that the sum total of such
G_IOPS values for all tenants does not exceed the maximum
capability limits of the data storage system’s 1/O rate
(MAX_IOPS_DS). In this manner, all applications may be
able to utilize at least their respective G_IOPS level of
resources.

As a variation, an embodiment may also choose to take a
risk in connection with the total guaranteed workload or
resource usage represented as the sum total of all G_IOPSs
for all tenants. An embodiment may choose to bound the sum
total, =,_,¥G_IOPS(i), by a different collective upper bound
other than MAX_IOPS_DS. For example, through historic or
observed workloads, it may be determined probabilistically
that it is unlikely for all tenants to actually utilize their speci-
fied G_IOPS level of resources at the same time. In this case,
an embodiment may alternatively specify an upper bound for
use with EQUATION 1A which is actually more than
MAX_IOPS_DS. Such an embodiment may, for example,
use an upper bound for the sum total, X,_,G_IOPS(i), which
is based on a multiplicative factor greater than 100% of
MAX_IOPS_DS. For example, an embodiment may choose
an upper bound of 110% or 1.1*MAX_IOP_DS.

As another example, an embodiment may observe through
collected historic information that no more than a particular
number of all applications or tenants are actively issuing I/Os
at any point in time. For example, if there are 10 SGs for 10
applications, it may be that at most 8 applications and asso-
ciated 8 SGs have ever been observed to execute and issue
1/O0s to the data storage system simultaneously. In this case, an
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embodiment may select an upper bound for the sum total,
3, MG_IOPS(i) in accordance with N=8 so as to guarantee
that at least 8 applications are able to obtain their associated
G_IOPS level. The particular 8 applications whose G_IOPS
values are used may be the largest 8 such G_IOPS values of
the possible 10 G_IOPS values for the 10 SGs in the system.

More generally, any suitable technique may be used in
selecting MAX_TOPS_DS or some other value as the collec-
tive upper bound for the sum total, G_IOPS (i), in connection
with EQUATION 1A. It should be noted that each M_IOPS
(T) may have a value selected so that M_IOPS(T)=G_IOPS
(T), and M_IOPS(T)=sMAX_IOPS_DS.

An embodiment may use one or more contention indicator
criteria in connection with determining whether or not the
data storage system has resource contention or more gener-
ally, whether it may be determined that resource contention is
likely. Following are some exemplary criteria. An embodi-
ment may use any one or more of the following contention
indicator criteria, alone, or in combination with other suitable
criteria, in connection with determining whether or not the
data storage system has resource contention.

An embodiment may use contention indication criteria
including HA (or more generally front-end data storage sys-
tem component level) utilization. When HA utilization is less
than a threshold amount of utilization, such as less than 60%
utilization, it may be determined that there is no resource
contention in the data storage system. In one embodiment, the
foregoing HA utilization may be determined with respect to
all HAs (e.g., all data storage system front end directors or
components) having ports through which LUNs are exposed
and wherein such LUNSs are included in SGs subject to tech-
niques herein. Utilization may be calculated using any suit-
able technique. For example, utilization may be calculated
using a software tool or may be based on observed I/Os
received. The utilization metric may be determined as an
aggregate with respect to all HAs and associated target ports
in the data storage system used in connection with techniques
herein.

Utilization is a metric that may be used in an embodiment
in connection with techniques herein as mentioned above for
measuring or quantifying how busy a component in the data
storage system is. Utilization may be expressed as a percent-
age and may refer to the amount of time a component is
working versus its respective idle time. Utilization may be
calculated and is workload dependent. Utilization may be
expressed as a function of one or more factors, parameters or
variables including any workload performance characteristic
or metric and may vary for the particular component. Gener-
ally, expected utilization levels for a component given certain
conditions may be known such as through prior experimen-
tation and/or vendor supplied information. For example, a
component’s utilization may be expressed as a function of
one or more parameters and the achieved utilization results
from values supplied for the one or more parameters. There-
fore, utilization may be calculated based on a set of param-
eters values, such as those which may be based on actual
workload data used in measuring the utilization of a compo-
nent. The factors used in determining utilization may vary
with component and its function within a system. Workloads
and utilizations do not necessarily behave empirically in a
linear manner. For example, if one measures a 60% utilization
for a particular workload, adding 10% to this workload may
result in a 90% utilization, not 70%, as one might expect.

An embodiment may use contention indication criteria
including criteria based on length(s) of one or more queues.
One or more queues may be maintained for I/Os which are
outstanding or which have been received at the data storage
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system and waiting to have service completed. In one
embodiment, a single queue may be associated with each HA
and may include outstanding I/O requests received at that HA.
The length of the queue associated with the HA at a point in
time may represent the number of outstanding 1/O requests
received at the HA and waiting for service to complete or
otherwise commence. At periodic time intervals, such as
every second, the current length of each HA queue may be
determined. If the observed HA queue length exceeds a
threshold length more than a threshold percentage of the time
(e.g., more than a threshold number of times within a time
period), then contention may be determined. To further illus-
trate, there may be N HAs and thus N queues. At each second,
the current length of each of the N HA queues may be
observed. Over the course of a time period, such as a minute,
a count may be determined representing the number of times
any observed queue length during that time period exceeded
a threshold queue length. If the count exceeds a threshold
count, then contention may be determined. Rather than use a
count and threshold count, an embodiment may use other
equivalent values such as a percentage and a threshold per-
centage (e.g., the percentage may be determined as a ratio of
the count or number of times the observed queue length
exceeded the threshold queue length with respect to the total
number of observed queue lengths during the minute. The
percentage may be compared to a threshold percentage and if
the percentage exceeds the threshold percentage, then con-
tention may be determined. For example, if more than 10% of
the time the observed queue length exceeds 10, contention
may be determined). It should be noted that values, such as a
queue length=10, percentage threshold of 10%, sampling
every second for a time period of 60 seconds, noted above are
merely exemplary and an embodiment may use any suitable
values.

As a variation to the foregoing, queues may be maintained
and associated with other entities within the data storage
system. For example, a separate queue may be maintained
with respect to [/Os directed to each LUN and/or each SG and
the above-mentioned processing similarly applied for use
with such queues.

An embodiment may use contention indication criteria
including RT (response time). Response time represents the
amount of time it takes to complete an /O operation or
request. Response time may be characterized as including
two components: service time and wait time. Service time is
the actual amount of time spent servicing the request. The
wait time is the amount of time the I/O request spends waiting
in line or queue waiting for service (e.g., prior to servicing the
1/0 operation). A threshold RT may be specified. An average
RT of the data storage system may be determined based on
observed RTs for I/Os during a time period. If the average
observed RT exceeds the threshold RT (e.g., such as 7 milli-
seconds), then contention may be determined. It should be
noted that an embodiment may determine the average
observed RT with respect to different types of [/Os received at
the data storage system. As a first option, an embodiment may
determine the average observed RT with respect to all I/O
operations (e.g., all reads and all writes). As a second option,
an embodiment may determine the average observed RT with
respect to only read operations. As a third option, an embodi-
ment may determine the average observed RT with respect to
only particular types of read operations (e.g., only read hits
whereby a read hit is a read operation that is serviced using
data stored in cache and does not require retrieval of the data
from the physical storage device, or only read misses
whereby a read miss is a read operation that is not a read hit
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and is a read request for data that is not in cache and is
therefore retrieved from the physical storage device to service
the read operation).

An embodiment in accordance with techniques herein may
determine a boolean indicator which is set to true if it is
determined, in accordance with one or more contention indi-
cation criteria, that there is resource contention in the data
storage system. Otherwise, the indicator may be set to false
thereby denoting no resource contention as determined in
accordance with the one or more criteria. In following para-
graphs, the Boolean indicator denoting whether the data stor-
age system is in contention or not may be referred to as
SYS_OK (e.g. SYS_OK=true denotes that the data storage
system has no resource contention as determined based on the
one or more criteria; SYS_OK=false denotes otherwise (e.g.,
that the data storage system has resource contention as deter-
mined based on the one or more contention indication crite-
ria). An embodiment may use one or more of the foregoing
contention indication criteria (alone or in combination with
other suitable criteria) in determining a value for SYS_OK at
a point in time for use with techniques herein.

In one embodiment, the data storage system may be in one
of'two states: either a first state of compliance indicating that
no resource contention exists or no resource contention is
likely, or a second state of non-compliance indicating that that
resource contention exists or is likely (e.g., potential for
resource contention)). It should be noted that the SYS_OK
indicator may provide a current assessment for a single point
in time as to whether it is determined in accordance with the
criteria that there is resource contention in the data storage
system. As a furtherance, an embodiment may define the
states of compliance and non-compliance to denote, respec-
tively, a state of no resource contention and a state of resource
contention. It should be noted that the data storage system
may transition between the foregoing states of compliance
and non-compliance. Transitioning between the states may be
determined in accordance with the SYS_OK indicator at one
ormore points in time (multiple instances) and also additional
information. Thus, the SYS_OK indicator may represent a
determination of contention or no contention as determined
for a single instance in accordance with the criteria, and the
above-mentioned states of compliance and non-compliance
may represent a state of resource contention or no resource
contention which may span for a duration of more than the
single instance and whereby the state may be determined
using the SYS_OK indicator and possibly other information,
as will be described in more detail below.

In one embodiment as described in following paragraphs,
the states of compliant and non-compliant may include asso-
ciated processing whereby the data storage system may not
simply thrash or transition between the states of non-compli-
ant and compliant each time the SYS_OK indicator changes.
Processing and the amount of time in which the data storage
system remains in a state, such as the non-compliance state,
may facilitate stabilization of the data storage system and
avoid unnecessary thrashing between the compliance and
non-compliance states.

Referring to FIG. 5, shown is an example illustrating a state
transition diagram of the data storage system states of com-
pliance and non-compliance used in an embodiment in accor-
dance with techniques herein. The example 1000 includes
non-compliance state 1002 and compliance state 1004. The
compliance state 1004 may be the start or initial state of the
data storage system. State transition criteria used in determin-
ing whether to transition between the states 1002 and 1004
may include the SYS_OK indicator and other information.
An embodiment may obtain a revised current value for
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SYS_OK at consecutive period time intervals as will be
described in more detail in following paragraphs.

If the SYS_OK indicator is FALSE and the data storage
system is in the compliance state 1004, the data storage sys-
tem may transition from the compliance state 1004 to the
non-compliance state 1002 as illustrated by 1010. Once in the
non-compliance state 1002, the embodiment described herein
may require additional state transition criteria to be met
besides a single instance of SYS_OK=TRUE before transi-
tioning from state 1002 to state 1004. If the data storage
system is in the non-compliance state 1002 and
SYS_OK=FALSE, the data storage system remains in the
non-compliance state 1002 (as illustrated by 1007). Ifthe data
storage system is in the non-compliance state 1002, an
embodiment may require obtaining a threshold number of
consecutive occurrences (X3) for which SYS_OK=TRUE in
order to transition from the non-compliance state 1002 to the
compliance state 1004. X3 may be a configurable parameter
and may be an integer value, such as 5. As described below,
selection of a value for X3 may be made in accordance with
selection of other suitable values for configurable parameters.

As illustrated by 1006, if the data storage system is in the
non-compliance state 1002 and receives less than or equal to
X3 consecutive occurrences of SYS_OK=TRUE, the system
remains in state 1002. As illustrated by transition 1008, the
data storage system transitions from the non-compliance state
1002 to the compliance state 1004 when the SYS_OK indi-
cator is TRUE for more than X3 consecutive occurrences.

Thus, in connection with one embodiment in accordance
with techniques as illustrated in FIG. 5, state transition crite-
ria to transition from the compliance state 1004 to the non-
compliance state 1002 may include the SYS_OK indicator
having a value of FALSE for a single time. State transition
criteria to transition from the non-compliance state 1002 to
the compliance state 1004 may include the SYS_OK indica-
tor having a value of FALSE for more than a specified thresh-
old number of consecutive times as denoted by X3. Addition-
ally, as described elsewhere herein, the SYS_OK indicator
may be characterized as an indicator of whether or not there is
resource contention in the data storage system. The one or
more criteria described elsewhere herein that may be used in
connection with determining whether the SYS_OK indicator
is TRUE (e.g., no contention) or FALSE (e.g., there is
resource contention) may be generally characterized as
resource contention indicator criteria or contention indicator
criteria.

Referring to FIG. 6, shown is an example 1100 of process-
ing that may be performed for the compliance state in an
embodiment in accordance with techniques herein. In con-
nection with the example 1100 and other figures, processing
steps may be described using a pseudo-code like description.
The compliance processing of 1100 may be continually per-
formed while in the compliance state as indicated by the
REPEAT loop 1106 (e.g., the processing steps included in the
repeat loop block 1106 are continually reiterated until pro-
cessing is performed to transition to the non-compliance state
as in step 11025 noted below).

Elements 1102 and 1104 illustrate processing comprising
an IF-THEN-ELSE statement. At 11024, a determination is
made as to whether SYS_OK=FALSE. IfSYS_OK is FALSE
(thereby causing step 11024 to evaluate to true) the THEN
portion of 1102 is performed whereby step 11025 is per-
formed to transition to the non-compliance state. When the
system transitions to the non-compliance state in step 11025,
non-compliance state processing as will be described in con-
nection with FIG. 7 may be performed. Thus, execution of
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step 11025 results in a transtfer of control out of compliance
processing 1100 to begin non-compliance state processing of
FIG. 7.

If SYS_OK=TRUE (thereby causing step 1102a to evalu-
ate to false), the ELSE processing of 1104 is performed,
whereby 11044 is performed. In step 1104a, tenant resource
limits may be relaxed or increased every X2 minutes (with
respect to the previous time that tenant resource limits were
increased). Thus, tenant resource limits are further increased
if SYS_OK=TRUE and also ifat least X2 minutes has elapsed
since the previous time tenant resource limits were increased.
Additionally, tenant resource limits are increased if
SYS_OK=TRUE and also there has been no previous
increase in tenant resource limits. X2 may represent a con-
figurable parameter and may be a value, such as 2 or 4.
Additional detail of processing of step 1104a is described in
more detail below in connection with FIG. 9. After step
11044, control returns to step 11064 to perform a next itera-
tion of the REPEAT LOOP 1106.

Referring to FIG. 7, shown is an example 1200 of process-
ing that may be performed for the non-compliance state in an
embodiment in accordance with techniques herein. As a first
step 1206a, processing may be performed to tighten or further
reduce tenant resource limits. Additional detail of step 12064
for tightening or reducing tenant resource limits is described
below in connection with FIG. 8. As indicated by 12065,
processing of the REPEAT LOOP 1206 may be continually
performed every X1 minutes while in the non-compliance
state. X1 may represent a configurable parameter and may be
a value, such as 1 or 2 minutes.

Elements 1202 and 1204 illustrate processing comprising
an IF-THEN-ELSE statement. At 1102a, a determination is
made as to whether SYS_OK=FALSE.IfSYS_OK is FALSE
(thereby causing step 1202a to evaluate to true) the THEN
portion 1202 is performed whereby steps 12025 and 1202 ¢
are performed. In step 12025, processing may be performed
to tighten or further reduce tenant resource limits. Step 12026
processing is similar to step 1206a processing whereby tight-
ening or reducing tenant resource limits is described below in
connection with FIG. 8. At step 1202c¢, a counter is assigned
a value of 0. The counter in step 1202¢ is used to count a
number of consecutive occurrences for which a value of
SYS_OK=TRUE is obtained. Each time a wvalue of
SYS_OK=FALSE is obtained when in the non-compliance
state, step 1202¢ reinitialized the counter back to 0. From step
1202¢, control returns to step 12065 to perform a next itera-
tion of the REPEAT LOOP 1206 upon the occurrence of the
next X1 minutes elapsing.

If SYS_OK=TRUE (thereby causing step 1202a to evalu-
ate to false), the ELSE portion 1204 is performed whereby
steps 1204a-b are performed. In step 1204qa, the counter is
increased by 1. In step 12045, a determination is made as to
whether the counter has a current value of more than X3. If the
counter is more than X3, step 1204¢ is performed whereby the
data storage system transitions to the compliance state. When
the system transitions from the non-compliance to the com-
pliance state in step 1204¢, compliance state processing is
performed as described in connection with FIG. 6. Thus,
execution of step 1204c¢ results in a transfer of control out of
non-compliance processing 1200 to begin compliance state
processing of FIG. 6.

If in step 12045 it is determined that the counter is not
greater than X3, control returns to step 12065 to perform a
next iteration of the REPEAT LOOP upon the occurrence of
the next X1 minutes elapsing.

It should be noted that an embodiment may select any
suitable values for X1, X2 and X3. Some exemplary values
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are provided herein. As an additional general guideline, X1
may be less than X2 since tightening or reducing tenant limits
may be characterized as more urgent than relaxing or increas-
ing tenant limits. A value may be selected for X3 in accor-
dance with the particular value selected for X1. For example,
X1 (representing the amount of time for repeating processing
of 1206) may be 2 minutes and X3 (as used in 120454 for
determining when to transition from non-compliance to com-
pliance) may be 5 whereby processing steps of 1206 may be
repeated to allow the system 10 minutes to stabilize and adjust
to the tightened or reduced limits introduced by step 12024.

Referring to FIG. 8, shown is processing that may be per-
formed in an embodiment in connection with tightening or
reducing tenant resource limits. The example 1300 provides
further details regarding processing that may be performed,
for example, in connection with steps 1206a and 12025 of
FIG. 7. As indicated by 1302, the steps of 1304 and 1306
comprising the FOR loop 1301 may be repeated with respect
to each/every tenant T. At step 1304, Delta is assigned the
difference between the current limit for tenant T, CL_IOPS
(T) and the guaranteed lower bound of the limit range for
tenant T, G_IOPS(T). At 13064, a determination is made as to
whether Delta is greater than zero. If Delta is greater than zero
thereby causing step 1306a to evaluate to true, 13065 is
performed where the current limit for tenant T, CL,_IOPS(T),
is updated as follows:

CL_IOPS(1)=G_IOPS(T)+(F1*Delta) EQUATION 2

where

CL_IOPS(T) and G_IOPS(T) for the current tenant T are as

described elsewhere herein;

Delta is as determined in step 1304; and

F1 may be a reduction factor affecting the reduction of the

resource limit.

Generally, F1 may be a numeric value that is a positive
value that is less than 1. For example, F1 may be 0.6 or 60%
thereby reducing the value of Delta by 40% each time the
processing of 1300 is performed. In one embodiment, F1 may
be a configurable value whereby the same F1 may be used for
each tenant. Alternatively, an embodiment may specify more
than one value for F1 and may use different F1 values for
different tenants in accordance with a desired rate of reduc-
tion for particular tenants.

After execution of 13065, 1301 processing is repeated for
each remaining tenant. Similarly, if Delta is not greater than
zero thereby causing step 1306a to evaluate to false, 1301
processing may then be repeated once for each remaining
tenant.

In connection with tightening or reducing tenant resource
limits, one or more limit reduction criteria may be used.
Examples of limit reduction criteria that may be used in an
embodiment are described in connection with FIG. 8. For
example, limit reduction criteria used in determining a
reduced resource limit for a tenant may include any of the
current limit for the tenant (e.g., CL._IOPS(T)), the guaran-
teed limit (e.g., G_IOPS(T) or lower bound of the limit range
for the tenant, the difference (e.g., Delta) between the current
limit and guaranteed or lower bound of the limit range for the
tenant, requiring that the foregoing difference be greater than
a specified value such as zero (e.g., see 1306a), a constant
factor (e.g., F1) affecting the reduction of the resource limit,
the product of the constant factor and the difference (e.g.,
F1*Delta in 13065), and/or the sum of the foregoing product
and the guaranteed limit or lower bound (e.g., G_IOPS(T)+
(F1*Delta) in 13065). More generally, an embodiment may
use any one or more of the foregoing alone, or in combination
with other suitable criteria.
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Referring to FIG. 9, shown is processing that may be per-
formed in an embodiment in connection with relaxing or
increasing tenant resource limits. The example 1400 provides
further details regarding processing that may be performed,
for example, in connection with step 1104a of FIG. 6.

As indicated by 1404, the step 1406 comprising the FOR
loop 1402 may be repeated with respect to each/every tenant
T. At step 1406, processing is performed where the current
limit for tenant T, CL._IOPS(T), may be updated as follows:

CL_IOPS(I)=MIN(M_IOPS(T),MAX(G _10PS(T),
Actual_IOPS(T)*GF)) EQUATION 3
where
CL_IOPS(T), G_IOPS(T), and M_IOPS(T) for the current
tenant T are as described elsewhere herein;

MIN represents a MINIMUM function where the result is
the smallest value of all arguments (e.g., the arguments are
specified as a list of arguments whereby any two arguments
are separated by a comma);

MAX represents a MAXIMUM function where the result
is the largest value of all arguments (e.g., the arguments are
specified as a list of arguments whereby any two arguments
are separated by a comma);

Actual_IOPS(T) represents the current rate of 1/Os (e.g.
1/Os per second) observed for the tenant T; and

GF may be a growth factor affecting the rate at which the
resource limit in terms of IOPS is increased for the tenant.

Generally, GF may have a positive real value that is more
than 1.0. For example, GF may be 1.1 or 110% thereby
increasing the resource limit usage by up to 10% (e.g., with
respect to observed or actually used resources by tenant T,
Actual_IOPS(T)) each time step 1406 is performed. In one
embodiment, GF may be a configurable value whereby the
same GF may be used for each tenant. Alternatively, an
embodiment may specify more than one value for GF and
may use different GF values for different tenants in accor-
dance with a desired rate of growth or increase in resource
limits for particular tenants.

After execution of step 1406 for the current tenant, FOR
LOOP processing 1402 may then repeated once for each
remaining tenant.

In connection with relaxing or increasing tenant resource
limits, one or more limit growth or relaxation criteria may be
used. Examples of limit growth or relaxation criteria that may
be used in an embodiment are described in connection with
FIG. 8. For example, limit growth or relaxation criteria used
in determining a resource limit for a tenant may include the
maximum (e.g., M_IOPS(T)) or upper bound of the limit
range for the tenant, the guaranteed (e.g., G_IOPS(T)) or
lower bound of the limit range for the tenant, the actual
resource usage or resource usage rate (e.g., Actual_IOPS(T))
for the tenant, a growth factor (e.g., GF), a mathematical
product of the growth factor and the actual resource usage or
usage rate for the tenant (e.g., Actual_IOPS(T)*GF in 1406),
the maximum of the lower bound of the tenant’s resource
limit range and the foregoing product (e.g., MAX (G_IOPS
(D), (Actual_IOPS(T)*GF) in 1406), and/or the minimum or
lesser of the foregoing maximum and the lower bound of the
limit range for the tenant (e.g., MIN (M_IOPS(T), MAX
(G_IOPS(T), Actual_IOPS(T)*GF) in 1406). More gener-
ally, an embodiment may use any one or more of the forego-
ing alone, or in combination with other suitable criteria.

It should be noted that embodiment may specity values for
M_IOPS(T) for particular tenants, or change/vary factors
such as GF based on a priority associated with the application
or tenant. For example a first tenant may pay more money in
accordance with a service agreement to have higher priority
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or quality of service (QOS) than a second tenant. The first
tenant may have a larger M_IOPS than the second tenant due
to the higher QOS or priority over the second tenant. Addi-
tionally, the GF used in determining the rate of growth for the
first tenant may be larger than the value for GF used in
determining the rate of growth for the second tenant due to the
first tenant’s higher QOS than the second tenant. The forego-
ing as well as other factors may affect the particular values
selected for use with each tenant.

The foregoing describes techniques used to dynamically
determine a current limit CL_IOPS(T) for each tenant based
on a current state of compliance or non-compliance of the
data storage system whereby compliance is associated with a
state of no resource contention and non-compliance is asso-
ciated with a state of resource contention or likely resource
contention. An embodiment may also provide an option set-
ting or switch whereby a user may configure the data storage
system to determine current limits dynamically for each ten-
ant as just described or use some other selected technique to
determine the current limits for the tenants. For example, an
embodiment in accordance with techniques herein may
include support for a second alternative technique using a
static or a fixed limit for each tenant as the tenant’s current
limit. Through specifying a first value for the option setting,
the data storage system may be configured to dynamically
determine tenant resource limits. Alternatively and in contrast
to specifying the first value for the option setting, a second
different value for the option setting may be specified. When
the second value is specified as the option setting, the data
storage system may be configured to use a single static or
fixed limit for each tenant as the maximum amount of allow-
able resources that may be used by that particular tenant
whereby such limit does not change over time and is not
dynamically determined and varied in accordance with the
state of the data storage system.

The techniques herein may be performed by executing
code which is stored on any one or more different forms of
computer-readable media. Computer-readable media may
include different forms of volatile (e.g., RAM) and non-
volatile (e.g., ROM, flash memory, magnetic or optical disks,
or tape) storage which may be removable or non-removable.

While the invention has been disclosed in connection with
preferred embodiments shown and described in detail, their
modifications and improvements thereon will become readily
apparent to those skilled in the art. Accordingly, the spirit and
scope of the present invention should be limited only by the
following claims.

What is claimed is:

1. A method of partitioning resources comprising:

specifying a plurality of resource limit ranges for a plural-
ity of tenants of a system, each of said plurality of
resource limit ranges having a lower bound and an upper
bound;

determining, using a processor, a plurality of current
resource limits, each of said plurality of current resource
limits indicating a current resource limit for one of said
plurality of tenants, wherein said each current resource
limit for said one tenant is a value included in one of the
plurality of resource limit ranges specified for said one
tenant, and wherein said plurality of current resource
limits are dynamically determined in accordance with a
current state of the system;

enforcing, using a processor, the plurality of current
resource limits for the plurality of tenants thereby affect-
ing resources of the system utilized by the plurality of
tenants;
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determining, using a processor, whether the current state of

the system is a compliance state; and

responsive to determining the current state of the system is

the compliance state, allowing the plurality of current
resource limits each having an associated one of the
plurality of resource limit ranges to increase up to the
upper bound of the associated one of the plurality of
resource limit ranges.

2. The method of claim 1, wherein said each current
resource limit for said one tenant indicates a current maxi-
mum amount of resource consumption allowable for said one
tenant in a data storage system.

3. The method of claim 2, wherein said one resource limit
range for said one tenant has a lower bound identifying a
minimum allowable value for said each current resource limit
for said one tenant.

4. The method of claim 3, wherein said one resource limit
range for said one tenant has an upper bound identifying a
maximum allowable value for said each current resource limit
for said one tenant.

5. The method of claim 1, wherein the system is a data
storage system and wherein the current state of the data stor-
age system is one of the compliance state and a non-compli-
ance state.

6. The method of claim 5, wherein when the data storage
system is in said compliance state, the data storage system is
determined to have no resource contention or that no resource
contention is likely, and wherein the data storage system is
otherwise in said non-compliance state if not in said compli-
ance state.

7. The method of claim 6, wherein the data storage system
transitions between said compliance state and said non-com-
pliance state in accordance with state transition criteria.

8. The method of claim 7, further comprising:

determining at a point in time whether the data storage

system has resource contention or is likely to have
resource contention, wherein said state transition crite-
ria includes an indicator having a first setting at the point
intime if it is determined at the point in time that the data
storage system has no resource contention or that no
resource contention is likely, and otherwise said indica-
tor has a second setting.

9. The method of claim 8, wherein said state transition
criteria includes said indicator and specifies that if the data
storage system is in the compliance state at the point in time
and the indicator has said second setting at the point in time,
the data storage system transitions from the compliance state
to the non-compliance state.

10. The method of claim 9, wherein said state transition
criteria specifies that if the data storage system is in the
non-compliance state at the point in time, the data storage
system remains in the non-compliance state until the indica-
tor has a value of said first setting for more than a threshold
number of consecutive points in time, whereby the data stor-
age system transitions from the non-compliance state to the
compliance state after the indicator has a value of said first
setting more than the threshold number of consecutive points
in time.

11. The method of claim 8, wherein said plurality oftenants
are applications executing on one or more hosts that issue data
operations to the data storage system, and wherein said indi-
cator has a value of said first setting or said second setting
determined in accordance with one or more contention indi-
cator criteria including any of a utilization threshold denoting
a level of utilization of one or more front end components of
the data storage system at which data operation requests are
received from said applications, a threshold length of one or
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more queues of outstanding data operations received at the
data storage system and a threshold amount of times that said
threshold length is exceeded, and a threshold response time.

12. The method of claim 7, wherein when in said non-
compliance state, first processing is performed, said first pro-
cessing including processing to reduce one or more of said
plurality of current resource limits in accordance with one or
more limit reduction criteria.

13. The method of claim 12, wherein a first of the plurality
of tenants has a first of the plurality of current resource limits
that is a first value included in a first of the plurality of
resource limit ranges associated with the first tenant, and said
first processing performed with respect to said first tenant
further comprises:

determining whether the first current resource limit is

greater than a first lower bound of the first resource limit
range; and

reducing the first current resource limit to a first reduced

limit if the first current resource limit is greater than the
first lower bound, wherein said first lower bound is
included in the limit reduction criteria.

14. The method of claim 13, wherein said first reduced
limit is determined in accordance with the limit reduction
criteria including the first lower bound, a difference between
the first lower bound and the first current resource limit, and
a reduction factor.

15. The method of claim 7, wherein when in said compli-
ance state, first processing is performed, said first processing
including processing to increase one or more of said plurality
of current resource limits in accordance with one or more
limit growth criteria.

16. The method of claim 15, wherein a first of the plurality
of tenants has a first of the plurality of current resource limits
that is a first value included in a first of the plurality of
resource limit ranges associated with the first tenant, and said
first processing performed with respect to said first tenant
increases the first current resource limit for the first tenant if
the first current resource limit does not exceed a first upper
bound of the first resource limit range, wherein said limit
growth criteria includes said first upper bound.

17. The method of claim 16, wherein said first processing
includes determining a revised first current resource limit for
the first tenant in accordance with said limit growth criteria
including the first upper bound, a first lower bound of'the first
resource limit range, an actual resource usage or actual
resource usage rate denoting current resource usage by the
first tenant, and a growth factor.

18. The method of claim 1, wherein the system is a data
storage system and said plurality of tenants are applications
executing on one or more hosts that issue data operations to

20

25

30

40

45

22

the data storage system, and wherein each of said plurality of
resource limit ranges specifies a lower bound that is a mini-
mum I/O rate and an upper bound that is a maximum I/O rate,
and wherein each of said plurality of current resource limits
indicates a current resource limit for one of the plurality of
resource limit ranges and specifies a current I/O rate limit for
one of the applications associated with said each current
resource limit and said one resource limit range.

19. The method of claim 1, wherein said plurality of current
resource limits are determined in accordance with first pro-
cessing when an option has a first value and wherein said
plurality of current resource limits are determined in accor-
dance with second processing when the option has a second
value different from the first value, wherein said first process-
ing dynamically determines said plurality of current resource
limits in accordance with the current state of the data storage
system and wherein said second processing determines each
of said plurality of current resource limits as a single static
value that does not vary dynamically in accordance with the
current state of the data storage system.

20. A non-transitory computer readable medium compris-
ing code stored thereon that, when executed, performs a
method of partitioning resources comprising:

specifying a plurality of resource limit ranges for a plural-

ity of tenants of a system, each of said plurality of
resource limit ranges having a lower bound and an upper
bound;

determining, using a processor, a plurality of current

resource limits, each of said plurality of current resource
limits indicating a current resource limit for one of said
plurality of tenants, wherein said each current resource
limit for said one tenant is a value included in one of the
plurality of resource limit ranges specified for said one
tenant, and wherein said plurality of current resource
limits are dynamically determined in accordance with a
current state of the system;

enforcing, using a processor, the plurality of current

resource limits for the plurality of tenants thereby affect-
ing resources of the system utilized by the plurality of
tenants;

determining, using a processor, whether the current state of

the system is a compliance state; and

responsive to determining the current state of the system is

the compliance state, allowing the plurality of current
resource limits each having an associated one of the
plurality of resource limit ranges to increase up to the
upper bound of the associated one of the plurality of
resource limit ranges.
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